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Abstract 


As a consequence of the emergence of a number of mixed-signal ap- 
plicai.ions such as in telecommunication, signal processing, voice recognition, 
artificial vision, computer interfaces etc., more and more thrust is being put 
currently on the analog design. It is because of the kind of complexity involved 
in analog design, the need for automating several parts of the analog design 
in the overall design, comprising of both analog and digital parts onto a single 
chip, is being felt. At the start of the 1990’s, a number of analog synthesis tools 
came int.o existence, which are mainly knowledge-based, however, they failed 
to deliver (,he required objectives. In our work, we have considered a very basic 
analog building block, i.c., the op-amp, which is an indispensable ingredient 
in most of the complex analog blocks. Their design and synthesis j)roccdmcs 
unchu- various si>ocifications and constraints, such as minimum power and area, 
high bandwidth, high gain and high unity gain frequency, and high slew rate 
have be(!u considered in this work. These design methodologies and synthesis 
algorithms may be extended to other analog blocks as well, with i)roi)er mod- 
ifications. For each design of the op-amp considered in this work, synthesis 
starts with a sot of input specifications. An optimization routine developed in 
this work ('(giip t he user with the probable values of the design variables (c.g.. 



channel lengths and widths of individual transistors, bias currents, compensat- 
ing capacitoi values, etc.), which would satisfy the constiaints. These design 
variables aic then fed to a SPICE file for the veiification of the design. The 
lesults obtained from the designs showed an excellent match when compared 
with the SPICE results for each such design. 
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Chapter 1 


Introduction 


The fact that the human designer operates comfortably with en- 
sembles of active elements in an electronic circuit in the range of six to ton 
('.h'memts or less necessitates the. automation for very complex systems having 
millions of components. When the idea of electronic integration came into 
reality, it was thought unanimously that all electronics could be implemented 
using digital circuitry alone. Theieforc, much moio attention was devoted to 
digital design automation and comparative.ly little attention wjis paid to its 
analog countcu'part. Owing to the fact that the world is inherently analog in 
nature (1-V characteristics of semiconductor devices, speech signal as a func- 
tion of time, etc. are the best citable examples of aiialog/continuous nature 
of the world), an ever increasing number of ASIC (Application Specific Inte- 
grated Circuits) designs would invariably incorporate some amount of analog 
circuitry in them. Also, with the opening up of a number of mixed-signal ap- 
plications such as in telecommunication, signal processing, voice recognition, 
artificial vision, computer interfaces, etc., the Universities and the industries 



arc putting more and more thrust on analog design automation. 

Further, recent advancements in the VLSI technology allow the 
merger of whole mixed-signal systems comprising of both digital and analog 
pa,rts onto a single chip (known as the System on a Chip (SOC)) - a demand 
made by customers calling for gicatcr speed and density on one hand, with 
reduced iiower, lower chip counts and less cost on the other. Also, it has become 
very obvious that although the analog part on such a chip would occupy very 
little area (typically of the order of 10% of the total area) as compared to the 
digital iiart, it is the design of the analog part of such a chif) which is much 
more time consuming (typically of the order of 75-90% of the total design time) 
and error-prone in the overall design process. In order to meet the growing 
ch'inand of analog design automation, several attempts have been made to 
speed iij) the process by automating the analog design, such as breaking the 
complete block into separate modules, the design of such individual modules, 
and the automatic layout of the often used modules. 

The first analog compiler came into existence in (he mid-1980’s. 
At the start of the 1990’s, a number of analog synthesis tools came into ex- 
istence. These systems arc mainly knowledge-based. In fact, the reason for 
this lies in the fact that the analog ciicuit design by i(,self is the most knowl- 
edge intensive task. These systems require the knowledge, created by a good 
analog circuit designer, in terms of the analytical equations describing the 
behaviour of the analog system completely. These systems are not able to 
a.utoma(,icaIly gruuu-ate the appropriate analytical ecpiations for the various 
analog systems. Given a circuit specification from an IC designer, they pro- 
vide the corresponding dimensioned circuit descriptions (e.g., the individual 
transistor aspect ratios, i.c., their width (W) and length (L), bias currents. 
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compensating capacitor values, etc.). 


These systems include the IDAC (Interactive Design for Ana- 
log Circuits) system [1] from CSEM (Centre Suisse d’Elcctronique et de Mi- 
cioteclmiquc S. A.), the OASYS (Operational-Amplifier Synthc.sis System) [2] 
from Carnegei-Mcllon Uuiveisity, the OPASYN system [3] from Univcisity of 
Berkeley, the ARIADNE system [4] from IJmveisity of Lueven, and the TOP- 
ICS system [5] from University of Eindhoven All these systems apiily analog 
knowh'dge expressed in terms of analytical expressions, heuristic rules, or pre- 
defined f.opologies, and lead in a number of steps to appropriate dimensioned 
cire.uits. It is noteworthy that only a few of these have made successful in- 
roads into the maiket, the majority being the pioducts of the Universities, 
suggesting that certain important issues have still remained unresolved. 

The IDAC system [1] utilises the systematic aiijiroach. It con- 
sists of a library of well engineered analog circuits, and makes use of three 
(yjies of knowledge, i.e., knowledge specific to the schematic, general circuit 
knowledge (for example, how to size cascode devices), and knowledge com- 
mon to a family of circuits (for example, how to stabilize an op-amp, how to 
improve the slew rate, etc.). It is not fully based on strict hierarchical de- 
composition, esiiecially for modules such as op-amps, comparators, etc. It is 
based on the belief that there are too many electrical interactions between the 
various subparts of these modules to split them up hierarchically. For larger 
modules, however, it does apply selection/translation principles in order to 
keep the knowledge well organised. 

‘'i'luu-c is a long li.st of other available analog synthesis tools, such as MIDAS [G] (for 
op-amps), ADORE [7] (for switched capacitors), CADICS [8] (for A/D converters), etc. 
Ilowcn'ci , very little operational details of these tools are available in literature. 
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The OASYS [2] supports a high level circuit synthesis for specific 
classc's of ciicuits. The methodology used in it is to describe the knowledge in a 
strict hierarchical fashion. From an input set of performance specifications, the 
appropriate topologies and the dimensions of all the components, via selection 
and tianslation steps^, arc derived (the same approach is also followed by 
MIDAS [6]). For an input consisting of detailed performance specifications, it 
produces a sized-transistor level circuit schematic. The approximate models for 
the given behaviour are used in order to simplify the analytical formulation of 
the behaviour. The framework has many similarities to some knowledge-based 
design ideas. The addition of a new topology requires an explicit representation 
of tlie knowledge about the circuit behaviour, heuristic design decisions, and 
pcrfonnancc trade-offs. This complicates the inclusion of new circuit topologies 
to the OASYS system. Besides, no optimization is performed on any level in 
tlie hierarchy. Only some limited iterations arc included in the design phase. 

The OPASYN [3], an automatic synthesis tool for op-amps, con- 
sists of an internal database and three functional modules: a circuit selection 
module, a parametric circuit optimization module, and a layout generation 
module. The database contains the necessary design knowledge for each op- 
amji topology' available to the users of the system. Synthesis starts from a 
set of op-amp performance specifications. Based on the general domain of the 
siiecifications, the i>rogrammc selects an appropriate option out of the database 
of generic, widely applicable op-amp topologies, unless the user explicitly spec- 
ifies a particular circuit topology to be used. For the chosen circuit, optimal 

^Tho process of transfer of the performance specifications for a high-level block into the 
performance specifications for its each subblock is termed as the translation step. The output 
of a translation task is a set of designed subblocks, specifically, a set of input specifications 
for each subblocks. The process then may bo repeated inside each subblock. 
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values for its design parameters arc determined in order to meet the objectives 
implied by the given specifications. Like IDAC, it is also not fully based on 
strict hierarchical decomposition. 

The ARIADNE [4] is an analog design system for analog func- 
tional modules such as op-amps, comparators, buffers, filters, data converters, 
etc. The use of declarative models together with symbolic simulation provides 
an easy interface foi the designer to include new design knowledge and circuit 
schematics himself, making ARIADNE an open and extendable system The 
system goneiatc's the tojiology, for which the optimal values of the individual 
transistor aspect ratios are obtained, which, in turn, are used for the layout 
generation. The key behind the synthesis is to clearly separate the knowledge 
(both analytic and heuristic) about the analog behaviour from the procedures 
that actually carry out the synthesis. The knowledge about the circuit is gen- 
erally described by eciuations, which are grouped in the so-called declarative 
cciuation- based models (DEBMs). 

For automation, circuit synthesis provides for a better solution 
than circuit analysis. Circuit analysis applies well known circuit principles 
in order to estimate the electrical behaviour, and many of these begin after 
parfritioning larger circuit into ensembles of active elements in the range of 
six to ten or less. Circuit synthesis, an important approach to design, on the 
other hand, takes electrical behaviour as the input and by proper arrangement 
of circuit primitives with known properties in a suitable structure meets the 
desired electrical behaviour. The synthesis paradigm involves analysis but in 
reality, it is much more than that in the sense that it may require consider- 
able nonlinear analysis, precise technological modelling, or an unusual circuit 
topology. To put it more succinctly, synthesis requires the skills in three areas: 



judgment in assessing specifications, knowledge of circuit topologies, and of 
course, knowledge in circuit analysis. 

Analog design is perceived to be one of the most knowledge- 
intensive design task, requiring highly skilled designeis who arc most accus- 
tomed to excicising their cicativity on a sheet of paper. Most of the methods 
to synthesize analog circuits rely on having some underlying methods in or- 
der to predict the performance of a circuit as a function of the various design 
variables; c.g , the device sizes, the l)ias currents, the compensating capacitor 
values, ol.c. Thus, the two distinguishing charactciistics of most analog syn- 
thesis systems are how performance is predicted and how the values of the 
design variables are determined. For example, one approach to performance 
prediction is to use a circuit simulator. Unfortunately, due to the large com- 
put.atioiial cost of circuit simulation, only a limited number of design variables 
can be cxjilorcd in the design space. Therefore, unless it is provided with a 
good initial guess for the design variables (for op-amps, these are aspect ra- 
tios, bias currents, etc.), the design optimizer may fail to converge to a good 
solution, even when one exists. 

Picsent analog design practice is solely based on a traditional 
approach of a highly heuristic nature, and thciefoie, bears no fruit as a basis 
of design automation. The approach lacks reproducibility in making various 
design steps explicit, particularly so while designing under several conflicting 
constraints. Trends in design of the analog circuits so far show that its most 
remarkable common feature has been a paradigmatic approach rather than 
systematically using general methods in order to solve electronic design prob- 
lems, then intuitively or routinely selecting circuit topologies and analysing 
tlu'ir Ix'haviour with resi)e(;t to the bigger domain. In other words, in order 
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to design a complex system, low-level circuits are built, tested, verified, and 
ass(!mljl('d hierarchically from the bottom-up until the first level decomposition 
blocks aie reached. Such an approach lacks practical relevance. For example, 
active filter design emphasizes the network-theoretical aspects more than the 
information-processing aspects. Since electronic circuits are widely used to 
process the information, it is mandatory to take the information to be pro- 
cessed as the starting point for a design approach. This explains the relatively 
pool acceptance of the present analog circuit synthesis tools which are in a 
quite primitive state in comparison to the digital synthesis tools. Structured 
abstraction and hierarchy, a commonplace in digital domain, are absent in 
today’s analog domain. 

At present, analog cell libraries are also not as rich as the digital 
ones, which also gives an indication towards the present state of analog design 
automation. The analog circuit designers are allowed to have only crude trade- 
offs (design of op-amp involves many trade-offs, e.g., amplifier bandwidth ver- 
sus bias current, slew rate versus bias current, and amplifier bandwidth versus 
transistor cut-off frequency, etc.) while designing blocks under certain perfor- 
mance specifications (for op-amp, these are dc gain, gain-bandwidth, slew rate, 
common mode rejection ratio, etc.), and these cell libraries become obsolete 
mon’ rapidly in the face of technological evolution as comparc<l to the digital 
libraries. 


It is noticeable that full automation is proving to be unachiev- 
able for all analog circuits, owing to the fact that the amount of creativity and 
(•oiuph'xity needed to master the design of analog circuits is extremely high. 
It is also imi>ortant to note that there is no widely accepted analog synthesis 
tool as of now, and research work is currently being pursued at various Uni- 
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vcrsitics ia order to come up with a cost effective and reliable tool. In order 
to meet the demand of the industry and also to start the research in this area 
at IIT Kanpur, our effort is to carry out synthesis and optimization of certain 
very basic analog circuits which find enormous applications in mixed-signal 
syst.ems. The very first attempt was made by Vishal and Rajeev in their B. 
Tech. Project entitled “Approaches to Design Automation - a case study” [9] 
at I.I.T. Kanpur. 

The behavioural models for the apparently simple analog func- 
tions must not only include the first-order behaviour, but also the second-order 
effects in order to have a realistic prediction of performance of the overall sys- 
tem. To come up with a viable solution, the general strategy is to; 

• find the best mathematical representation describing the behaviour of 
the circuit, and develop a realistic model of the circuit, 

and 

• use the chosen mathematical expressions to obtain a set of design param- 
eters which will make the whole system meet its performance specifications. 

The most widely used analog building block is the op-amp, 
which is almost an indispensable ingredient of all analog systems, in particu- 
lar, A/D and D/A converters and filters. This makes the efficient and optimal 
design of op-amps very crucial and challenging. Realising the immense impor- 
tance of op-arnps in analog systems, we have decided to go ahead with the 
design and synthesis of this very basic analog building block. Synthesis of op- 
amps shows the nature of intricacies involved in the design of analog circuits; 
parameters of the op-amp track in different directions and optimization proves 
to be a challenge. More detailed explanations about the design and synthesis 
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l)ioc('(luie.s of an oi)-aiup arc given in the subsequent chapters In particular, 
wo have considered the synthesis procedure for op-amps under the constraints 
of minimum power and area, high bandwidth, high gain and bandwidth, and 
high slew rate specifications. 

Chapter 2 explains the design aspects of CMOS op-amps for 
niiniimim power and area. A model for the channel length modulation param- 
eter A and the synthesis procedure for the simple cm rent mirror have also been 
developed in this chapter. Chapter 3 deals with the design aspects of CMOS 
oj)-ainps for high bandwidth (or unity gain fic(iuency), wheie a moie realistic 
approach has been adopted by incorporating the effect of the individual tran- 
sistor’s aspect, ratios on the overall bandwidth of the op-amp. Chapter 4 gives 
the detailed design aspects of CMOS op-amps for high gain and bandwidth. 
Chapter 5 deals with the design aspects of CMOS op-amps for high slew rate. 
The results and discussion for each such design and synthesis arc provided in 
the respective chapters. Summary and conclusion are given in Chapter 6. 

Figure 1.1 depicts the block diagram for the design methodology 
and the synthesis algorithm adopted in this work. Our strategy to synthesize 
the op-amp starts with the input electrical specifications, e.g., dc gain, gain- 
bandwidth product, slow rate, etc. Depending upon the requirements and the 
constraints, the behaviour of the op-amp is represented in terras of mathe- 
matical expressions. Also, technological parameters (for example, the device 
transconductancc parameter, the threshold voltage, the channel length mod- 
ulation iiarametcr, the device capacitances, etc.) arc fed to the optimization 
routine from a technology file, making the whole design slightly technology 
independent''. Afterwards, a programme written in the C-language performs 

^This makes it po.ssil)lc to use the same optimization routine for difrerent technologies 
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Figure 1.1; Block diagram for the design methodology and the synthesis algo- 
rithm adopted in this work. 

the optimization, and the design variables obtained from the programme are 
fed to a SPICE file in order to do the verification of the synthesis performed. 
In other words, the synthesis in this work is performed in the following three 
phases: 


• mathematical conceptualization of the op-amp, depending on the electri- 
like 3 /xm, 1 /xm, 0-5 /xm, etc., by suitably changing the technology file. 
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cal specifications, 

• optiiiiiziatioii under the purview of the icquiienients and the constraints, 
and 

• Cl OSS- verification of the synthesis using SPICES [10]. 

Our approach is not exactly automation, rather it is a stepping 
stone towards that. In other words, our attempt is to provide reliable and 
useful synthesis piocedures for op-amps, designed for rnminium power and area, 
high bandwidth, high gain and bandwidth, and high slew rate. In this work, we 
have mad(' an attempt to look at the synthesis iiroblcm in a more systematic 
way rather than in a heuristic way. This approach requires a good knowledge of 
analog circuit, design, as well as skilled programming. The synthesis procedure 
develoix'd/discussed in this work should be seen as initial examples aimed 
towards the development of an extensive synthesis procedure foi op-amps. 
The results of our synthesis jiroccdures for op-ani])s have turned out to be 
(juite sat.isfacl.ory, since the percent error between the results obtained from 
our design and f.he SPICE simulation is less than 6% for all the designs of the 
o[)-anips in this work. The iiossiblc chaiiges/iinprovcineiits in the synthesis 
procedure have Ix'eu discussed in chapter G. 
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Chapter 2 


Design Of CMOS Op-Amps for 
Minimum Power and Area 


2.1 Introduction 


This chapter deals with the design of CMOS op-amps for minimum 
pow(M' a,ud area^ As a first step towards the synthesis procedure, the proper 
representation of the analog circuit (in our case, the op-amp) is very crucial. 
The hierarchical representation of analog circuits permits the design process 
to be recast as a sequence of smaller design tasks. Although such a represen- 
tation makes the synthesis process more tractable, we lose theteasy ability to 
imiilement design tricks that jumps across many levels of the hierarchy. The 
choice of the actual representation rests with the designer. The given set of 

^ Power consumed and area of the device are two important parameters which affect the 
number of functions tliat can be implemented on a chip. Simultaneous optimization of both 
will enhance the number of functions implementable on a single chip. 
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performance specifications is then translated into lower levels of the hierarchy 
(siibhlocks), depending on the hierarchical presentation. The process may be 
repeated inside each subblock. These translated specifications are then used 
to optimize the part of the circuit at that level of hierarchy, using the opti- 
mization routine developed, to meet the overall i)erformancc specifications. At 
the lowest level of the hierarchy, we-got sized transistors. 


2.2 Synthesis Procedure for a Simple Current 
Mirror 

The current mirrors arc frequently used in analog circuits and, in 
particular, in op-amps. Thcii ilosign is very crucial for proper performance 
of the op-amp. For iusLance, (.he CMRR and the DC gain of the op-amp are 
strongly depciulont on the quality of the current mirrors. In this section, the 
details of the synthesis procedure for simple current mirrors are discussed. 

Figure 2.1 shows the sthematic of a .simple current mirror, which 
uses NMOS devices. The synthesis procedure to minimize the area^ for a 
simple cuneut mirror reciuiies the following three peifoima, uc(' hp('cifica,tions 
and tlirec tcclmologica] ])arameters. 

Performance specifications. 

1. Minimum Ou(,i)ut Mirror Current 

^Thioughout out the text, the term area refers to the active area of the circuit. It only 
includes the sum of the areas of the individual transistors (defined as area = WxL, where 
W and L are the channel width and length lespectively) in the circuit. 
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2 Minimum Output Resistance and 

3. Minimum Output Voltage 

Technological parameters: 

1. Device Transconductance Parameter {= where jj^n is the elec- 

tron mobility and is the oxide capacitance per unit area, given by 
^'ox — ^ox/imi with eox and tox being the oxide relative dielectric permit- 
tivity and thickness repectively) , 

2. Thu'shold Voltage V„, and 

3. Channel Length Modulation Parameter® A. 



Figure 2.1; The schematic of a simple NMOS current mirror. 

It is a well known fact that the channel length modulation pa- 
rameter A is a function of the channel length L. Therefore, in our case, whore L 
can take on difh'rent values, an accurate model for A is of crucial importance. 
In Ibis work, w(; have developed a model for A in order to accurately portray 

its variation with the channel length L. 

'“’A model for A has been developed in Subsection 2.2.1. 


Id 



2.2.1 Modelling of the Channel-Length Modulation Pa- 

rameter A 


Biasing of the MOS transistors in the saturation region creates a 
pinclicd-off (depletion) region between the drain and the end of the channel. 
The width of this region, defined as X^, is a function of V^s and is given by[ll] 




l2es{VBS — VDSat) 


QX^sub 


(2.1) 


where Cs is the permittivity of q is the electronic charge, Ngub is the substrate 
doping, Vjr>s is the drain-to-source voltage, and Vosat is the minimum value of 
Vps for file device to be in saturation. 


The effoct of this depletion icgion is to modulate the channel length. The 
actual effective channel length is given by 

Leff = L-Xd. ( 2 . 2 ) 

The channel length modulation parameter A is given by [11] 


, 1 dXg 

LcffdVns' 

Dilfercntiating Eqn.(2.1) with icspcct to Vds, wc get 

dXd _ Ki 1 

dVos 2 \/Vds — Vosat ’ 


wliere 


Ki = 


(2.3) 


(2.4) 


(2.5) 
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From Eqns.(2.3) and (2.4), it is clear that for each value of L, A would vary 
with {Vds — Vosat)- Using the fact that the value of (Vos — Vosat) for the 
current mirror varies between zero and (Voi? — the average value of 

(Vds - Vosat) can be given by 


K2 


VPD — Vpsat 
2 


(2.6) 


In order to model A appropriately, the choice of the value of (Vos — Vosai.) is 
important, which has been replaced by its average value K 2 [Eqn.(2.6)] in this 
work. Thus, from Eqns.(2.1), (2 2), (2.5), and (2.6), we get 

Le//«L-ATV^, (2.7) 

and from Eqns.(2.4) and (2.6), we get 


dXd ^ Ki 
dVos 2\/A2 

Hence, from E(ins.(2.3), (2.7), and (2.8), we got 

, ^ 1 Ki 

(L - Aiv/Aa) 2/A2’ 


( 2 . 8 ) 


(2.9) 


or 

^ K,K^y 

In Eq.(2.10), Ki and K 2 are both constants for given values of 
ypsat and Nsub- If is clear from Eq.(2.10) that A varies inversely with the 
channel length L. A typical variation of A with L (for Vosat = 1-5 V and Nsub 
= lcl5 cm~^) is shown in Fig.2.2. 


16 




Figure 2.2: The variation of tho channel length inodnlation parameter A a.s a 
function of tho channel length L, with Vosat = 1-5 V and N^ub = lel5 cm~^. 

2.2.2 Constraints 


There arc two constraints which have been considered in the syn- 
thesis procedure carried out in this work. One, we have assumed that the 
current ratio between the input and the output to be equal to unity (i.e., 
Iref — This makes the aspect ratios of Ml and M2 to be equal to 

each other. Second, we have considered only those values of L and W which 
fall in between the minimum and the maximum allowable device length {Lmin 
and Lmax respectively) defined by us; which mathematically can be stated as 
Lrnin < < Lmax- Thus, the values of the aspect ratio (W/L) of the 

individual transistors are bound in the range of the ratio of the minimum to 
the maximum allowable device length (i.e., Lmm/Lmax) and the ratio of tho 
maximum to the minimum allowable device length (i.e., LmaxlLmm)- In. other 
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words, the second constraint limits the search space by restricting the values of 
the design variables, i.e., the values of W and L for individual transistors The 
area constraint can be expressed mathematically as < area < 

The exact value of the total area taken up by the current mirror is determined 
by the values of Rg, and 


2.2.3 Optimization Routine for the Simple Current Mir- 
ror 


For the synthesis procedure of simple current mirrors, the opti- 
mization routine, under the constraint of minimizing the area'^ of the current 
mirror, has been developed in this work. This accepts the three performance 
specifications and the three technological parameters given earlier, as well as 
incorporates the variation of A with L (the model derived in this work). The 
optimization routine is as follows. 


1. Using the fact that Rg = (A/”‘”*)“^ and Eqn.(2.10), the values of L re- 
quired for different values of Rg are obtained. The expression for the 
output resistance can be given by 




( 2 . 11 ) 


''The current source is designed to source a certain amount of current, which is evaluated 
from the performance specifications of the circuit where it is being used. Thus, the opti- 
mization routine for the current mirror developed here does not include the constraint of 
minimum power dissipation, since it is dependent directly on the required value of the bias 
current. 
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2 LjK-i = KiIT"'Ro + 2K1K2. 


(2.12) 


or 


Thus, the required value of L can be obtained from 


RoIT'^Ki + 

2V^ 


(2.13) 


2. The value of W is determined by the desired value of the minimum out- 
put voltage I/™" (= where Ves is the applied gate-to source, 

voltage) and using the relation = {K'^l2){Wf L){Vcs — Vin)'^ Thus, 
the aspect ratio (W/L) of the output transistor M2 can be found from 


(wm = 


2JTn^n 


Kivr")- 


(2.14) 


or 


W^ = 


2J™”L 


(2.15) 


where L is given by Eqn.(2.13). 

Thus, the design process is completed for the current mirror. 

•'■’It is deal from E<jn.(2.11) that output resistance Ro (= where ga is the drain 

conduct, mice of the transistor) is a linear function of the channel length L. Thus, the per- 
fonnanco of the analog circuits, which is strongly dependent on the output resistance of the 
tran.SKStoi, would depend on the channel length L. 
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2.2.4 Implementation 


Based on the constraints and the optimization routine illustrated 
above, a programme is written in the C-language, which predicts the values 
of the design variables, i.e , those of W and L. It also calculates the total area 
taken up by the current mirror. The following values of the performance spec- 
ifications and technological parameters are used in our optimization routine. 


K 

: 40 ixAIV^ 


; 1.0 V 

Iref 

; 40 ixA 


1 

Linn} 

: 1 /i'/n 

Afuai 

200 \mi 

^/min 

: 1.5 V 


5 V 

The 

aspect ratio (W/L) of Ml (equal 

to that of 


current flowing through Ml (equal to that of M2) predicted by our optimizer 
are 1C. 02 /xm/18.70 /xm and 40 /xA respectively for minimum area (« 622 
f.m'i?). These predicted values of the design variables are fed to a SPICE file 
for cross-verification. 


2.2.5 Results and Discussion 

Figure '2.3 shows the variation of the output resistance Ro as a 
function of the channel length L for a bias current of 40 /xA, using the model 
of the channel length modulation parameter A developed in this work. The 
result obtained from the SPICE simulation is also shown in the same figure for 
the sake of comparison. It is obvious from the figure that the results show a 
very good match between the two. The range of the percent error between our 


20 



results and SPICE simulation for Ro over the whole range of the design variable 
L is 0.57% to 6.13%, which is fairly good. Figure 2.4 shows the variation of the 
channel width W as a function of the output resistance Ro for a bias current 
of 40 /iA. Figures 2.3 and 2.4 show that both W and L are monotonically 
increasing functions of Ro- 


The area taken up by the current mirror can be expressed math- 
ematically by f,hc following relationship 

area = 2WL, (2.16) 

where L and VV arc given by Eqns.(2.13) and (2.15) respectively. Thus, sub- 
stituting the expressions for W and L in Eqii.(2.1G), we get 


area = 


41 ^^^ Roir^Kx+2KiK2 2 
2v^ ^ 


(2.17) 


It is clear from Eqii.(2.17) that the area taken up by the current 
mirror is a quadratic function of Ro for the given values of and ( Ki 
and A '2 are also fixed parameters for a particular process technology), and its 
variation with respect to Ro is shown m Fig.2.5. Thus, the minimum area of 
the current mirror is determined by the minimum output resistance i?,™". It 
is also important to note that the minimum output current is an injiut to the 
optimization routine, and, hence, remains the same throughout the range of 
the output resistance Ro, resulting in no loss of the current carrying capability 
of the current mirror. 


'Idle utility of these data lies in the fact that we can have a 
range of output resistance at the cost of larger area without losing the current 
carrying capability of the current mirror, and correspondingly obtain different 
values of the design variables, i.e., W and L of the individual transistors. In 
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R„ (MQ) 


Figure 2.5: The variation of the total area of the current mirror as a function 
of H,„ with = 40 //,A. 

other words, these graphs provide the user an easily available reference data 
for the simple current mirror, optimized for minimum area. 

The OASYS [2] provides the optimization routine for minimiz- 
ing tlie area of the simple current miiror, where the oxijrcssion for the output 
impc'dance used is R„ = (A/L,„„i). A closer look at this equation 

tells us that Ro cs a quadratic function of L, instead of being a linear function, 
which has been verified in this work. Based on the optimization routine given 
in OASYS, we have designed and verified (using SPICE) the characteristics for 
the simple current mirror. The range of the percent error between OASYS re- 
suit.s and SPICE simulation for Rg over the whole range of the design variable 
L is between 74.07% and 92.19%. This is alarmingly high, which prompted us 
to develop our own optimization routine, the result of which is far better than 
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that, predicted by OASYS. 


It is important to note here that the most widely used op-amp 
topologies make use of the simple current mirror block as the biasing element. 
This led us to consider the synthesis procedure for this block only, which not 
oidy provides good lesults (when compared with SPICE simulations), but also 
the idea is extendable to other widely used current sources, e.g., the cascode 
current source and the Wilson current source, with proper modifications. Fur- 
tlier, such work on current mirrors would build a sound foundation for the 
developmerrt of the cell libraries for various types of current mirrors in near 
future. 


2.3 The Synthesis Procedure for Op-Amps 

A typical block diagram of a symmetric CMOS op-amp, consisting 
of the (lifferontial pair, the current mirror, the output bias, the differential-pair 
bias, and driving a capacitive load Cl, is shown in Fig.2.6. We are provided 
with the following six input performance specifications and three technological 
paranreters iu order to design the op-amp for minimum power and area. 

Performance specifications: 

1. Slew Rate SR, 

2. Load Capacit.ance Cl, 

3. Unity Gain Frequency /c, 

A. DC Open Loop Gain 
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5. Maximmu Ouiput Voltage and 

6. Minimum Output Voltage 

Technological parameters; 

1. Device Transconcluctance Parameters K'^ and K!p (= where t-Lp is 

the hole mobility), 

2. Threshold Voltages and Kp, and 

3. Channel Length Modulation Parameter A. 

2.3.1 Constraints 

In this design of the op-amp, its minimum power consumption is 
(k'cidcd by the desired values of the slew rate and the load capacitance. The 
second constraint, considered for the synthesis procedure for the simple current 
mirror in order to minimize its total area, has also been considered here for 
the synthesis proccduic for the op-arap in order to minimize its total area. 
Besides this, the search space is further restricted by the fact that only those 
values of (v (defined later in Subsection 2.3.2) arc permissible for which the 
above constraint is fulfilled for the current mirror subblock and the output bias 
subblock simultaneously. It is important to note that for a given combination 
of the slew rate and the load capacitance, the power and the area arc minimized 
more or less independently. In other words, first the minimum value of the 
bias current linas is determined from the required value of the slew rate, hence, 
®Thc “OA” subscript denotes op-amp. 
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completing tlic power ininimization part. Then, for the determined value of 
the bias current, the area minimization is done. 



Y 


DD 


= 5V 


Vss = -5V 


Figure 2.G: The block diagram of a symmetric CMOS op-amp. 


2.3.2 Optimization Routine 

In the synthesis procedure for the op-amp considered, the optimiza- 
tion routine to minimize its power and area has been developed. The various 
steps of the routine are as follows. 
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1. Ihc bias current I Bias is chosen to achieve the desired slew rate, using 
the fact that SR < {iBias/Ci,), and, at the very first step, the power is 
minimized by choosing the smallest possible value of the bias current, 
given by 

hsias = Cb X SR. (2.18) 


2 . 


The choice of the transconductance {Gm) of the differential pair sub- 
block is decided by the fact that fc = The relation Gm = 

v'-'cewi) Bias is used to design this subblock, where (1T/L)i is the 
aspc’ct latio of the input trauskstors used in that subblock. The value of 
{W/L)i of the input transistors used in this subblock can thus be given 

i>y 






Bias 


(2.19) 


.8. j\ param('t('r rv is now (h'fined, where and r„-M and 

7V,-/i are the output resistances of the current mirror and the output bias 
subl)locks resi)cctivcly. 


4. Using the fact that yl„o = Gm(’'o-Af lko-n), we get 

f'o-M — — {AvQlGm){^ + tt)- (2.20) 


5. For different values of a, the current mirror subblock is designed using 
the following input specifications as described in Section 2.2. 

Minimum Output Mirror Current, = ^Dias/‘^ 

Output Resistance, Ro = To-m = 

Minimum Drain-to-Source Voltage, = Vod - Vo-oa- 

G. For different values of a, the output bias subblock is designed using the 
following input specifications as described in Section 2.2. 

Minimum Output Bias Current, = Istas/'^ 
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Output Resistance, — r^-s = 

Mininiuiu Drain-to-Source Voltage, - Vss- 

7. The relation I^ias = {K'n/‘^){^ / L) OBiVBtas-Vss-VtnY is used to design 
tlie differential-pair bias subblock, where (IV/jL)^)^ is the aspect ratio of 
the individual transisLois used in that particulai subblock. For a chosen 
value of the aspect ratio [(kF/L)^^] of the transistors used, Vbjqs is given 
by 


yn^as = pIB^as|{K{W/L)DB) + ^55 + Rtn- (2.21) 


2.3.3 Implementation 

Based on the optimization routine and the constraints, a programme 
written in t.he C-language predicts the values of the design variables, i.e., W 
and L of the individual transistors and the bias current. It also calculates the 
total ar(;a of all the transistor's. These values of the design variables are fed to a 
SPICE file for cross verification, which uses the symmetric CMOS op-amp, as 
shown in Fig.2.7, where transistors Ml and M2, M4 and M6, M7 and MS, and 
MO and MlO form the differential pair subblock, the current mirror subblock, 
the outjnit bias subblock, and the differential-pair bias subblock respectively. 
Idu! ininit specifications for Ayo, fc, and SR used in this design of the op-amp 
are 40 clB, 1 MIIz, and 2 V/fiscc respectively. 
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Figure 2.7; The detailed circuit diagram of the symmetric CMOS op-amp 
considered iu this work. 

Th(' value's of the parameters used are as follows. 


K 

: 40 ftA/V^ 


: 20 M/1/2 


: 1 V 

Vtp 

: -IV 


: 1 fim 

^mox 

: 200 //,m 

vrefA 

: 4.0 V , 

V^CSa 

: -4.0 V 

Cl 

: 5pF 



I'Vom 

the optimizer, 

a typical s(!t of 

tlie values of 


varial)Ies for minimum power (srf 200 yuW) and minimum area 125 
iiiv. obtained. These values of the design variables are shown in Table 2.1 and 
are used for SPICE simulations. 
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Table 2.1: A typical set of the values of the design variables obtained from our 
optimizer for minimum power (?« 200 jxW) and minimum area 125 
which arc used for the SPICE simulations. 


Transistors 

W/L 

/nn//mi 

Current through transistor 

(M) 

Mi, M2 

2.40/1.00 

5.0 

M3, M4 

2.07/4.15 

5.0 

M5, M6 

2.07/4.15 

5.0 

M7, M8 

2.50/1.00 

5.0 

M9, MIO 

1.00/2.00 

10.0 


2.3.4 Results and Discussion 

Figures 2.8 and 2.9 show the variations of W and L with a respec- 
tively for the current mirror subblock. According to Eqns.(2.13) and (2.20), 
Is a linear function of both L and a. Thus, L would vary linearly with 
a, which has been substantiated in Fig.2.9. Since the aspect ratio remains the 
same (for constant current drive), W also becomes a linear function of a. On 
the other hand, Vo-b varies inversely with a according to Eqn.(2.20). This 
makes L, fus well as W, to vary inversely with a. These variations of W and L 
with respect to a arc shown in Figs.2.10 and 2.11 respectively for the output 
bias subblock. 


Figure 2.12 shows the variation of the total area for the sym- 
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inctiic CMOS op-amp with respect to a. It can clearly be seen from Fig.2.12 
that the lowest value ol the total area occurs for the value of a in the vicinity 
ol 1 4. I(, has been observed that different combinations of the slew rate and 
the load capacitance values, giving rise to different minimized values of the 
dissipated power, alter the corresponding values of a, as well as the minimum 
values of the area. 



a 

i'’igure 2.8: The variation of W with a (for the current mirror subblock). 

The results obtained from the SPICE simulation is in full agree- 
ment with the result obtained from our design, which has been verified over 
the entire range of the design vaiiables. Table 2.2 shows a comparison lictwecn 
the results obtained from our design and the SPICE simulation for a particular 
S('t of perrorniancc specifications. 

Figures 2.13 and 2.14 show the gain plot and the phase plot 
n'spectivcly, highlighting the gain margin and the phase margin obtained from 
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Tabic 2.2. The comparison of the results obtained from our design and the 
SPICE simulation. 


Specs. 

Design 

SPICE 

Ao (dB) 

40 

40.05 

fc (MHz) 

1 0 

1.07 

SR (V///SCC) 

2.0 

1.98 


the design. These two plots have been obtained for the design variables corre- 
sponding to the minimum area 125 ixin?) and the minimum power (~ 200 
//IP). Since the system has a large negative gain margin (~ -52 dB) and a 
large phase margin (?» 88"), it would have a superior stability. 


2.3.5 The Second Order Effects 

The DC open-loop gain of the symmetric CMOS op-amp is compar- 
atively hvss as comijarcd to the conventional 2-stage CMOS op-amp topology. 
This is because of the fact that only the second stage is contributing to the 
total gain. The overall gain can be made to go up by removing the connection 
between the gate and the drain of M4, and by connecting a battery source of 
suitable valm; to the gate of M4 in order to bias the transistors properly. This 
makes both the stages to contribute to the total gain, resulting in a higher 
gain, and, hence, higher unity gain frequency. The SPICE simulation for the 
synunei.rie CMOS op-amp, with the modifications illustrated above, shows an 
incn'ase in i.he DC oiien-loop gain and in the unity gain frequency - a fact that 
can be verified analytically. For the simulation by SPICE, no compensating 
capacitor has been used, and all the parameters and the design variables used 
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Figure 2.13: The gain versus frequency plot of the symmetric CMOS op-amp 
obtained using the optimized values of the aspect ratios of the transistors 
uiuhn- the constraints of minimum power 200 fiW) and minimum area (» 

125 
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Frequency (Hz) 


Figure 2.14: The phase versus frequency plot of the symmetric CMOS op- 
amj) obtained u.sing the optimized values of the aspect ratios of the transistors 
under the constraints of minimum power (« 200 ijW) and minimum area (fv 
125 /wrF). 
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to obtain the results shown in Figs. 2. 13 and 2.14 are used. The results ob- 
tained for this improved stage are as follows. 

^0 Si 75 dB 

fc Si 5.01 MHz 

Phase Margin ss 8" 

Gain Margin ^ -37 dB 


The simulation shows a poor phase margin of only 8°. If a coin- 
l)eusating eapacitor of value e([ual to the value of the load capacitance (C'l = 
5 pF) is used, it enhances the phase margin to 50°, and thus renders better 
stability to the system. 

In almost all kinds of circuit applications, the demand for mini- 
mum powc'r and area is becoming extremely crucial (since it alfects the packing 
density and l.he cost per function in an IC chip), making it inevitable for circuit 
designers to incorporate this factor in circuits designed for a particular set of 
performance' specifications. Our synthesis approach for a particular configura- 
l.ion of t.he CMOS op-ami) (i.e., the symmetric structure) for minimum power 
and area, provideis reasonably good results, when compared with SPICE simu- 
lations. Tliis is a good example which shows how a given set of performance 
specifications for the op-amp can be met by designing its various subblocks in 
an analytic^al manner. This approach, with slight modifications (which would 
depend upon the set of performance specifications and the behavioural model 
of the circuit), may be extended to other CMOS op-amp topologies. Besides 
this, it may find its use in the design of op-amps for a wide variety of specifica- 
tions appropriate for complex analog systems (c.g., high gain, high bandwidth, 
high slow rate, etc.). 
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In the next three chapters, the design and optimization proce- 
dures for CMOS oi)-amps under the constraints of high bandwidth (or high 
unity gam frequency), high gain and high unity gain frequency, and high slew 
rate aic presented. 



Chapter 3 


Design Of CMOS Op-Amps for 
High Bandwidth 

3.1 Introduction 

This chapter deals with the design aspects of CMOS op-amps for 
high bandwidth (or high unity gain frequency). In the process of analog syn- 
tlu'sis, proper mathematical representation of the analog circuit (in our case, 
the op-amp) is very crucial. Such a representation is based on the sot of per- 
formance specifications and the behaviour of the circuit. The bandwidth of 
the op-amp is a high frequency parameter, therefore, the effect of the capaci- 
tanccis appearing at the various nodes (which are of the order of pF) needs to 
b(' i)u-orpora(,('d in(,o the small-signal model in order to accurately represent 
the op-amp for high fniciuency operation. While designing a CMOS op-amp 
for high bandwidth, the designer has to keep the phase margin sufficiently 
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high foi bctiei stability of the op-amp, which again depends on the various 
capacitances appearing at the various nodes. 


3.2 Synthesis Procedure for a CMOS op-amp 

In this design of CMOS op-amps for high bandwidth, we have con- 
sidered a single stage configuration, as shown in Fig.3.1. In this structure, there 
arc t.hiee nodes (3, 4, and 5), which play crucial roles in the determination of 
the positions ol the poles. The detailed analysis is discussed in Subsection 
3.2.2, 



Figure 3.1: The schematic of a simple single-stage CMOS op-amp. 
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3.2.1 Input Specifications 


Tlu' following input specifications aic used: 

1 the load capacitance 

2. the device transconductancc jiarameters JC'j and Kj„ 

3. the threshold voltages and Vtp, 

4. (.he gatevto-drain capacitance Cco, the drain to body capacitance C'd/j, 
and the gatc-to-souice capacitance Cgs^^ 

5. the channel length modulation parameter A. 


3.2.2 Mathematical Representation 


The resistance (Rm) at node 4 with respect to ground is given by 


RjiA — ^ol II 


(3.1) 


or 


linA ^ 1 / 9m3j 


(3.2) 


as r„i >> l/f/m,'}. 


The resistance (Rns) at node 5, which is the output node, with 
n'spc'ct ground is given by 

/?.n5 = = ro2||?'o4 = ’' 02 / 2 . (3-3) 

^Csn lia.s no role to play as indivicjiual transistor’s body and source are tied together in 
CMOS. 


41 



The resistance (Rnz) at node 3 is given by l/2gmi (when looking 
up) and Too (when looking down)^. For differential gain, unity gain frequency, 
and slew rate considerations, it (i.e., i?,„ 3 ) does not play any role. It is useful 
h)r cominon mode considerations. 

It is clear from Eqns.(3.2) and (3.3) that Rn 5 » Rn 4 - Besides, 
tlu^ load (uipacilancc Ci, appears at node 5. The device capacitances appear- 
ing at t.lio nod{\s are generally of the order of 1 pF or less, whereas the load 
capacitance is normally in the range of 1 to 20 pF. Thus, the values of Ra 5 
and and t.lie values of the corresponding capacitances appearing at nodes 
5 and 4 (f.li<' value of the capacitance at node 5 would be greater than that 
at node •!) would make sure that the dominant pole would occur at node 5, 
whereas the non-dominant pole at node 4. 

Thus, it can concluded that although the system (as shown in 
Fig.3.1) has three nodes (3, 4, and 5), the poles contributed only by the two 
node's (4 and 5) are of any importance. In other words, we basically have a 
two pole system, out of which one is dominant (at node 5) and the other is 
non-dominant (at node 4). 

' The -3 dB cutoff frequency or the dominant pole frequency fa, 
cr(!ate<I on node 5, is given by 

2'KRnz{Cn^ + Cl)' 

where 6V) = Coda 4- Cuba 4~ Cam^-CuB^- The capacitances Coda Cuba 
are eonn<Jct('d to the drain of M4; and Cgd 2 ftnd Cub 2 «^re connected to the 
drain of M2. 

DC open loop-gain, however, this affect is not appreciable as » g<f. 
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The unity gain frequency is given by 


fc -^vfdi 


(3.5) 


where 


— flmxRour- 


(3.6) 


Thus, 


Sc = 


9ml 

2jr(C„5 + Ci)' 


(3 7) 


It is clear from Eqn.(3.7) that for a given value of the load capacitance, the 
unity gain frequency is determined by the transconductance parameter of the 
input transistors which can be set by choosing I Bias and the aspect ratio 
of the in{)ut transistors {W/L)i. 


by 


The non-dominant pole /„d is created at node 4, and is given 


/TTi 

whore CnA — Cam + Cdb\ + Cddz + Cqsz + Cgsi + Coda- The capacitance 
CaiM is connected to the drain of M4; Ccdi and Cdbi are connected to the 
drain of Ml; Casz and Cos a arc connected to the gates M3 and M4, and Cdbz 
is connected to the drain of M3. 

The phase margin, an important parameter for stability consid- 
erations, is determined by the positions of the dominant and the non-dominant 
poles. For sullicient phase margin, fnd should be equal to fd [12]. This can 
bo used to relate the aspect ratio [{W/L)^] of the load transistors with that of 
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tlie input transistois [(I47l/)i]. Therefore, 


QmZ 9ral 


(3.9) 


or 


{W/L), = 


^3 

K: 


7W^)i( 


a 


n4 


(C„5 + Ci) 




(3.10) 


3.2.3 Optimization Routine 


In order to analyse the variation of the unity gain frequency fc and 
niaxiinize it with respect to the aspect ratio of the input transistors [W/L)i 
for a given value of the bias current I Bias i we have developed an optimization 
routine hased on the mathematical representation, as illustrated in Subsection 
3.2.2. The various steps of the optimization routine are given below. 


1. The value of the bifis current luias (< 1 niA) is chosen^. 

2. For a chosen value of I Bias i fc is obtained as a function of the aspect ratio 
of the input transistors [{\¥/L)i\ by using Eqn.(3.7) and substituting for 
the expression of Qm- Thus, 


/c = 


Bias 

27r(C'n5 + Cl) 




(3.U) 


3. For a given value of (HVT)i, the value of (VF/L )4 is obtained from 
E(in.(3.10). 

•■’Since the current level in MOS is the order of hundreds of /iA, we have kept Isias < 1 
rnA. 
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4. 1h)i a chosen value of the aspect ratio of the transistors used in the 
difleiential-pair bias subblock [WfL)^ (= {W/L)^), the value of Vsias is 
obtained from Eqn.(2.21). 

3.2.4 Implementation 

The value of the aspect latio {W/L)i of the input transistors, which 
lies in t.he range of 1 and 100, determines the area constraint, whereas the 
constraint of power consuinjition is determined by the fact that iBias should 
be less than 1 niA 

Based on tlic design plan, a programme is written in the C- 
languagc, whicli predicts the variation of fc with the aspect ratio of the input 
transistors [(n7A)i] for a given value of . This also predicts the values 
of {lV/L),i, l /hasj ‘ii’inl the total area of the op-amp. These values are fed to a 
SPICE file for cross-verification of the design. The following parameters have 
I men used. 


K 

82 ilA/V^ 

K 

41 

Vtn . 

0.7 V 

Vtp 

-0.8 V 

^ Iha.s 

10, 100, 1000 /xA 

A 

0.01 

/nr 

0.75 pF 

Cgdo 

0.15 pF 

Vinas 

-3.950 V (for hias = 100 M) 

Cgso 

0.1 pF 

Cl : 

5 pF 




A typical set of values of the aspect ratios and the currents through 
the respective transistors obtained from our optimizer and used for SPICE 
simulation is shown in Table 3.1. 
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Tabic 3.1: A typical set of the values of the aspect ratios and the currents 
through respective transistors obtained from our optimizer and used for SPICE 
simulation. 


'Frausistor 

W/L 

(/im///,m) 

Current through trarrsistor 

(//A) 

Ml, M2 

20 0/1.0 

50 

M3, M4 

3.26/1.0 

50 

M5, MC 

20.0 /l.O 

100 


3.2.5 Results and Discussion 

It is clear from Eqn.(3.11) that fc would vary as the square-root of 
t,he aspect ratio of the input transistors [[W/L)i] for given values of the bias 
current 1b, as and the load capacitance Cl- Figure 3.2 shows the variation of 
fc with the aspect ratio of the input transistors [{WlL)i] for different values 
oUBms (10, 100, and 1000 M). 

Equation (3.10) relates the aspect ratio of the input transistors 
[{W/L)i] and the aspect ratio of the load transistors [{W/L)^]. Figure 3.3 
shows the variation of {W/L)^ with {W/L)i. It is clear from Eqn.(3.10) that 
the relation between (l'F/L )4 and {WIL')\ is independent of the bias current. 
Thus, it can be inferred that for the same value of {W/L)i, different values 
of fc can her obtairred independerrtly for different values of Figtrre 3.4 

shows the variatiorr of the total area of the op-arnp with fc for differerrt values 
of the bias current (10, 100, and 1000 M)- ^ can be inferred that the 
sartre vahro of fc can be obtained at either higher (lower) value of Isias with 
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50 


6 


(W/L)j 


the aspect i 
10, 100, and 




correspondingly lower (higher) value of the total area. 



(MHz) 

Figure 3.4: The variation of the total area with fc for different values of Isias 
(10, 100, and 1000 ijA). 

The SPICE simulation of our design shows reasonably good 
match with the results obtained from our optimizer, which has been done 
over the entire range of the aspect ratio of the input transistors (W/L)i and 
for diffcient values of the bias current I Bias (10, 100, and 1000 piA). Figures 
3.5 and 3.6 show the gain plot and the phase plot respectively obtained from 
SPICE simulation for the values of the aspect ratios and the currents listed 
in Table 3.1. The comparison of the results obtained from the design and the 
SPICE simulation arc shown in Table 3.2. 
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Table 3.2: The coiupauson of the results obtained from our design and SPICE 
simulation. 


Specs. 

Design 

SPICE 

fc (MHz) 

11.8 

1 

11.2 



Figure 3.5: The gain versus frequency plot obtained for the aspect ratios and 
the current.s through the respective transistors listed in Table 3.1, as obtained 
from SPICE simulations. 
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Frequency (Hz) 


Figure 3.6; 'Jlic phase versus frequency plot obtained for the aspect ratios and 
ilie currents through the respective transistors listed in Table 3.1, as obtained 
from SPICE simulations. 

From Figs. 3. 2 and 3.4, it can be inferred that unlimited values 
of /,. can be obtained at the higher cost of either power or area or both. 
In this design of the op-amp for high bandwidth, we have assumed that the 
nod(^ capacitances Cm and Cns arc independent of the sizes of the transistors 
conne(;t(',d to the respective nodes. This is not the case, however. The larger 
the asi)e(;t ratios, the larger the node capacitances are. Thus, we can not have 
unlimited values of /c. So contrary to what Figs. 3. 2 and 3.4 suggest, after a 
certain value of the aspect ratio of the input transistors (W/L)i, the value of 
fc actually starts falling. 
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3.2.6 The Capacitance Model 


A moclol is required in order to link the values of the node capac- 
itances to the tiansistor sizes. After a certain size, the capacitances grows 
liiu'atl_\ wil.h l.lu' asjxx'.l, ratios of tlic transistors. The node capacita,nces Cn 
arc modelled as given by [12] 


Cn — CfiO + k 


W 


(3.12) 


where — 0.5 pF, and k = 0.1 pF. 


3.2.7 Optimization Routine Based on Capacitor Model 

Based on the capacitor model illustrated above, the optimization 
routiiH' c'an be (h’velopcd in order to maximize (or optimize) /c, which is the 
modilied form of the optimization routine illustrated in Subsection 3.2.3. The 
various steps of the routine arc as follows. 


1. Using E(in.(3.11) and the capacitor model [Eqn.(3.12)], fc can be ex- 
pr<\ss('d as 


v'Pvdi 

2ir C„„ + Cl + k((W/L)t + (W/L)i ) ' 


(3.13) 


2. Using l‘iqii.(3.10) and tlin capacitor model, {W/L)i can be expressed as 


(W/L), = 


S2(win ( + + ,2 

/fp ' "'(C„0 + Cl + k((W/L), + (W/L),)) ’ 


(3.14) 



Kl.. L 





3. For a chosen value of the aspect ratio of M5 (or M6), the value of VB^as 
is given by Eqn.(2.21). 

3.2.8 Implementation 

Based on the above optimization routine, a programme is written 
in th(^ C'-Ianguago in order to predict the variation of with the aspect ratio 
ol (.he input, transistors. It also calculates {W/L)^ and corresponding values 
of tilu’ noth', caiiacitanccs. It is clear from Eqn.(3.14) that for each value of 
(B'//>)i, w(i have a cubic equation in (W/L)^. The meaningful solution of this 
etiuat.ion (explained later) and the corresponding value of {W/L)i is used to 
(h't.ennine t.he value of fc- For SPICE verification, these values of the aspect 
ral.ios and corresponding values of the node capacitances are used. The typical 
values of the aspect ratios and the device capacitances (for Isias = 100 /rA) 
list'd for SPICE simulation arc given in Table 3.3. 

'i’alile 3.3; The fispt'ct ratios and the device capacitances for I^ias = 100 /tA. 


Transistois 

Aspect ratio 

{/j-m/fim) 

Odb 

(PF) 

CqoO 

(pF) 

Ml, M2 

32.0/1.0 

3.2 

0.25 

M3, M4 

18.26/1.0 

1.83 

0.25 


3.2.9 Results and Discussion 

Figure 3.7 shows the variation of fc with the aspect ratio of the 
input transistors {W/L)i for different values of the bias currents Is^as (10, 
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100, and 1000 i-lA). The maximum (or the optimum) value of fc is obtained 
for {W/L)i = 32. This value of {W/L)x is independent of I Bias- Foi" low values 
of {W/L)x, the values of {W/L) 4 , are small as well. According to Eqn.(3 13), 
as expected. For high values of {WlL)i, {WIL)i ss 2{W/L)i 
and fc ~ 1/ \J{W/ L)\, i.e., the values of fc now decre<ases with an increase 
in {W/L)i. Thus, it can be inferred that the maximum value of fc can be 
obtained for some intermediate value of {W/L)i. 



(W/L)j 


Figure 3.7: The variation of fc with the aspect ratio of the input transistors 
[W/L)x predicted by the optimization routine developed in Subsection 3.2.7 
for different values of Isms (10, 100, and 1000 yiiA). 


The SPICE simulation shows leasonably good match with the 
icsults predicted from our optimization programme. Figure 3.8 shows the 
variation of fc with {W/L)x^ obtained from SPICE simulation for different 
values of the bias current (10, 100, and 1000 ^A). The maximum (or the 


53 




optimal) value of fc occurs for {W/L)i = 26. 



(W/L)j 


Figure 3.8: The variation of Jc with the aspect ratio of the input tiaiisistors 
{W/L)i for different values of Isias (10, 100, and 1000 /rA), as obtained from 
SPICE simulation. 

Figure 3.9 shows the conipaiison of the results obtained from 
the design and the SPICE simulation for I Bias = 100 /LtA. There appears to 
be a lateral shift between the two icsults with the SPICE results leading the 
design results for f < /c and lagging the design results for f > The reason 
can be attributed to the fact that for a given value of (yV/L)i, Eqn.(3.14) is 
a cubic equation in {W/L)^. Some of the roots of this cubic equation are not 
nlwa,ys of importance as these may either be negative or have very high values; 
and, thus, these solutions would not be physically meaningful. So, instead of 
finding the exact roots of this cubic equation, we have tried to extract the 
value of {WlL)i (in the search space 1 < [W/L)^ < 500), for which this cubic 
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Chapter 4 


Design of CMOS Op-Amps for 
High Gain and High Unity Gain 
Frequency 

4.1 Introduction 


This chapter deals with the design aspects of CMOS op-amps for 
high gain and high unity gain frequency. The overall gain of the op-amp (with 
active load) , which is a strong function of the bias point chosen for the device, 
can be increased by reducing the bias current. However, this change degrades 
the frequency response of the op-amp as we have seen in the previous chapter 
that the fnHpK'ucy response, which is also a strong function of the bias point 
chosen for the device, improves if the bias current is increased. It is important 
to note that the high unity gain frequency makes it inevitable to have a large 
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value of the bias current, and at the same time, in order to keep the overall 
gain also high, larger values of the aspect ratios of the transistors arc required. 
Thus, the design of op-amps for high gain as well as high unity gain frequency 
requires more power as well as more area of the chip. 


4.2 The Synthesis Procedure 


In this design of the op-amp for high gain and high unity gain 
frequency, we have used a 2-stage CMOS op-amp configuration, as shown in 
Fig.4.1. The first stage is formed by the NMOS input transistors Ml and M2, 
the PMOS current source/activc load transistors M3 and M4, and the NMOS 
dilfcrential-pair bias transistors M7 and M8. The second stage, which is acting 
as a common-sotirce PMOS amplifier, is formed by the PMOS input transis- 
tor M6 and the NMOS load transistor M5. Cc and Cl are the compensating 
capacitor and the load capacitor respectively. The synthesis procedure for this 
configuration takes the following set of input specifications. 

Poi formaiicc specifications: 

1. the DC open-loop gain Ayo, 

2. the unity gain frequency fc, and 

I 

3. the load capacitance Cl- 
Technological parameters: 

1. the device transconductancc parameters K'^ and K^, 
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2. the threshold voltages Vtn and Vtp, and 

3. the channel length modulation parameter X. 



Figure 4.1: The detailed circuit diagram of the 2-stage CMOS op-amp consid- 
ered in this work. 

4.2.1 Mathematical Representation 

The mathematical representation is based on the set of input 
specifications and the op-amp topology shown in Fig.4.1. 

The overall gain Ayo is given by 

MdO ~ ^ ■^v2i (^4) 
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where .4^,1 and arc the gains of tlic first stage and the second stage respec- 
tively. Substituting the standard expressions for Ayi and A ^2 in the expression 
for .Avo, we get 


Avo — 


9m2 9mC} 

{9(12 + gd({) {9(16 A 9 ds)’ 


(4.2) 


or, 


AyO 


(j2K:j<;ima.MW/L)2{W/L)e 

2X^1 Bias h 


The unity gain frequency /c is given by 


Atio 

2TrR,Cc' 


where 


Rc = 


1 


+ 


1 


+ 


9m6 


XI Bias 2 XIg 2XHmasl6' 


and Cc is the compensating capacitor. 
The phase margin PM is given by [12] 


wheie 


fiid = 


9m6 

2^' 


(4.3) 


(4,4) 


{4.6) 


(4.6) 


(4.7) 
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It is clear from Eqn.(4.6) that in order to have sufficient phase 
margin, f^d should be approximately equal to twice of fc [12]. 


4.2.2 Optimization Routine 

In the synthesis procedure for the op-amp considered, the optimiza- 
tion routine, based on the set of input specifications and the mathematical 
representation, has been developed in order to determine the optimal values 
of the design variables (i.e., Isias, h-, and the aspect ratios of the individual 
transistors) ^ The various steps of the optimization routine are as follows. 


1. Using Eqn.(4.4), the value of Rc is chosen by 


Rc = 




(4.8) 


2. Using Eqn.(4.7), the transconductance parameter of MG, (jm& is deter- 
mined by 


Pm6 = 271(7^(2/^). (4.9) 

3. A parameter j3 is now defined in order to relate I Bias and /g, such that 

/? = (4.10) 

4. Using Eqns.(4.5) and (4.10), we get a quadratic equation in I Bias, given 
by 

’ The optimization is for either minimum power or minimum area. 


GO 



{^^Rc)l‘Bias — (1 + 0)^^Dias + dmeP- 


( 4 . 11 ) 


The values of I Bias are obtained from this equation for different values 
of/?. 

5. /g is obtained using Eqn.(4.10). 

6. The aspect ratio of the transistor M6, {W/L)e is determined by 

(HVi). = 4^. (-1.12) 

7. The gain of the second stage A „2 is determined by 

= u.- 

8. Using Eqn (4.1), the gain of the first stage Ayi is determined by 

Ai = (-l.H) 

■/hi2 

9. The transconductance parameter of the input transistors gm? is obtained 

by 


gm2 — 


Ayl 

^^Bias 


lO. The aspect ratio of M2, {WjDji is determined by 


(fU/T)2 = 


9m2 

R-'n^Oias 


( 4 . 15 ) 


( 4 . 16 ) 
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11. For a chosen value of the aspect ratio {WfL)-! (= (W/L)8) of the transis- 
tors used in the differential-pair bias subblock, the value of is given 
by the Eqn.(2.21). 

12. For a chosen value of (kF/L) 7 , the aspect ratio of M5, {WjV)^ is deter- 
mined by 


(PF/L)5 = {WIL)jI2I5. (4.17) 


4.2.3 Implementation 

Based on the optimization routine, a programme is written in the 
C-language in order to predict the optimal values of the design variables, i.e, 
iDias^ hi S'lid the aspect ratios of the individual transistors. It also predicts 
the variations m the sum of the currents flowing through the two stages (i.e., 
I Dias + h)i the total area of the op-amp as a function of j3. The input 
specifications for AyQ and fc used in this design of the op-amp are 90 dB and 10 
MHz respectively. The following parameters have been used for optimization. 


K 

82 liA/V^ 

Vtn 

0.7 V 

Cl 

10 pF 

Cbd 

0.75 pF 

Cqso 

0.1 pF 


K 

41 txA/V^ 

Vtp 

-0.8 V 

Cc 

10 pF 

Cgdo 

0.15 pF 

A 

0.01 v-i 


From the optimizer, a typical set of the values of the design variables 
for minimum power (fy 7.09 mW) are obtained, which are shown in Table 4.1 


C2 



and used for the SPICE simulation for cross-verification of the design. 


Table 4.1: A typical set of the values of the design variables obtained from 
our optimizer for minimum power (ss 7.09 mW) and are used for the SPICE 
simulation. 


Transistor 

W/L 

(yum/yum) 

Current through transistor 

(aA) 

Ml, M2 

13.80/1.00 

177.41 

M3, M4 

27.14/1.00 

177 41 

M6 

54.27/1.00 

354.82 

M5 

20.00/1.00 

354.82 

M7, M8 

20.0/1.0 

354.82 


4,2.4 Results and Discussion 

Figures 4.2 and 4.3 show the vaiiations of the total current (/Bias + 
Jg) and the total area of the op-amp respectively as a function of p. These are 
obtained for the given input specifications of A„o and fc- It is clear from these 
figures that the value of /? for which the total current is minimum is different 
from the value of (3 for which the total area of the op-amp is minimum. This 
is an example which shows the conflicting nature of the constraints, more 
specifically, the power consumption and the total area of a circuit never go 
hand-in-hand, i.e., both can not be minimized simultaneously. 
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p 


Figure 4.2: The variation of the total current (i.e., Istas + h) as a function of 
/? with Avo = 90 clB and fc = 10 MHz. 

The SPICE simulation of our design shows reasonably good 
match with our design results over the entire range of /?. Table 4.2 shows 
the comparison of the results obtained from our design and the SPICE simu- 
lation for a particular set of peiformancc specifications. 

Table 4.2: The comparison of the results obtained from our design and the 
SPICE simulation. 


Specs 

Design 

SPICE 

Ayo (dB) 

90 

90.04 

fc (MHz) 

10 

10.0 


04 






p 

Figure 4.3: The variation of the total area as a function of /? with Atjq = 90 
(IB and A = 10 MHz. 

Figures 4.4 and 4.5 show the gain plot and the phase plot re- 
spectively, highlighting the phase margin obtained from the design. The two 
plots have licen obtained for the design variables corresponding to the mini- 
mum power (?» 7.09 mW). Although the system has a phase margin of 39°, it 
is not stable because the circuit displays a right half-plane zero along with two 
poles. Physically, the zero arises because the compensating capacitor provides 
a path for the signal to propagate directly through the circuit to the output 
at high frequencies. Since there is no inversion in that signal path as there is 

m the inverting path dominant at low frequencies, stability is degraded. For 

( 

low frequencies, the circuit behaves like an integrator, but at high frequencies, 
the compensating capacitor behaves like a short circuit. When this occurs, 
the second stage behaves like a diode-connected transistor, presenting a load 
to the first stage, which is equal to l/f/mc- Thus, the circuit displays a gain at 
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Frequency (Hz) 


Figure 4.4- The gain versus frequency plot of the 2-stage CMOS op-amp ob- 
tained using the optimized values of the aspect ratios of the transistors under 
the constraint of minimum power (« 7 09 mW). 


GG 




-200 ^ 

1 

Figure 4.5: The phase versus frequency plot of the 2-stage CMOS op-amp 
obtaiiK'cl using tin; optimized values of the aspect ratios of the transistors 
under the constraint of minimuiu power (fs 7.09 mW). 





high frequencies which is simply equal to gmx! 9m^- The polarity of this gain is 
opposite to that at low frequencies, turning any negative feedback that might 
be present around the amplifier into a positive feedback. 

A simple approach for eliminating the effect of the right half- 
plane zero is to insert a nulling resistor (> f/i/me) hi series with the compen- 
sating capacitor (as verified by SPICE). Figure 4.6 shows the phase plot with 
the nulling icsistor Rz « 79G Cl. This value is determined by the relationship 
Rz - l/gm6, where gm 5 is given by Eqn.(4.9). 



Figure 4.6: The phase versus frequency plot of the 2-stage CMOS op-amp 
obtained using the optimized values of the aspect ratios of the transistors 
under the constraint of minimum power (rs 7.09 mW) with the nulling resistor 
Rz w 796 a. 


There is an inherent limitation of the synthesis procedure devcl- 
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oped in this chapter. The design variables for high' input values of fc (even of 
the Older of 50 MHz) are physically not possible because values of the design 
variables will be unrealistically high (e g., Iszas will be of the order of 2-10 
niA, and the aspect ratios will be of the order of 100 or more). The reason for 
this lies in the mathematical representation, and, hence, in the optimization 
routine developed in this chapter. We have used the well known square-law 
characteristic of the MOS transistor (i.e., J = {K^/2){W/L){Vas — Vtn)'^) for 
the design of the op-amp for high gain and high unity gain frequency. Using 
this relationship, it is not possible to have very high gain (of the order of 90 
dB) as well as high unity gain frequency (of the order of 50 MHz or more) 
simultaneously. A very high value of fc can be obtained, if very short channel 
devices (with L < Ifim) in combination with large gate-source voltages are 
used, where the degradation effects of high electric fields in the MOS transis- 
tors have to be incorporated. Thus, the well known square-law characteristic 
needs to be properly modified accordingly. 

We have devcloi)cd a design for a 2-stagc CMOS op-amp based 
on short channel devices, but the cross verification of this design using SPICE 
was not possible as the effect of degradation of the high electric fields is not 
pro])eily supported by the SPICE jiackage available to us. 

In the next chapter, the design and optimization procedure for 
CMOS op-ami)s under the constraint of high slew rate is presented. 
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Chapter 5 


Design of CMOS Op-Amps for 
High Slew Rate 

5.1 Introduction 

This chapter deals with the design aspects of CMOS op-amps for 
high slew latc. Slewing, which is a non-linear (large-signal) phenomenon, lim- 
its the ral.e at which the output voltage can change with rcs])cct to time (i.c., 
dVo/dt). This limitation results because of the limited current sourcing/sinking 
capability of the circuit in order to charge/discharge the compensating and/or 
load capacitor (s). In this design of the op-amp for high slew rate, we have 
used a 2-stage CMOS op-amp configuration, as shown in Fig.4.1. Prior to 
the arrival of the input step at the gate of Ml, the currents in Ml and M2 
arc both equal to JBia,,/2. After the large step occurs at the input of Ml, it 
conducts more current and cuts off M2. Hence, the current conducted by both 
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Ml and M3 are now equal to iBxas- Since M3 and M4 form a current mirror, 
the current in M4 (which charges Cc) is also equal to I Bias- Hence, assuming 
the second stage can sink the current I Bias ^ the slew rate (SR) is given by 

a n dVo I Bias / r i n 

= IT = 

Equation (5.1) shows that the slew rate is a linear function of 
the bias current with the slope equal to 1/Cc. Thus, it can be increased by 

1. simply increasing the bias current, at the cost of higher power, 
or 

2. choosing the bias current and the value of Cc in a combination provided 
that the stability of the system is maintained. 

The second option has been utilised in this design of CMOS op- 
amps. It is clear that this would give higher value of the slew rate with less 
power consumption than the first option. 


5.2 The Synthesis Procedure 


The mathematical representation described in Chapter 4 has been 
used for the design of the op-amp for high slew rate and the synthesis procedure 
takes the same set of input specifications which has been described in Chapter 
4. 
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5.2.1 Optimization Routine for the Design of the 2- 
stage CMOS Op-Amp 

In the synthesis procedure for the op-amp considered, the optimiza- 
tion routine, based on the set of injiut specifications and the mathematical 
representation, has been developed in order to maximize the slew rate of the 
op-amp. The various steps are as follows. 


1. The value of the compensating capacitor Cc is determined by 


Cc = — . (5.2) 

n 

where n is a real number. 

2. Rc is determined by Eqn.(4.8) for different values of n. 

3. The transconductance parameter of M6, is determined by Eqn.(4.9). 

4. For 10 fiA < h < 500 ^A, the aspect ratio of M6, {W/L)q is obtained 
by Eqn.(4.12). 

5. The gain of the second stage A „2 is determined by Eqn.(4.13). 

6. The gain of the first stage is determined by Eqn.(4.14). 

7. Using Eqn.(4.5), the value of I Bias is determined by 


I 


Bias 


(2XIq -h ffm6) 
X{2XRJe - !)■ 


(5.3) 


8. The transconductance parameter of the input transistors gm 2 is obtained 
by Eqn.(4.15). 
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9. The aspect ratio of M2, (VF/T )2 is determined by Eqn.(4.16). 

10. The slew rate SR is given by Eqn.(5.1) 

11. For a chosen value of the aspect ratio(lT/L )7 (= {WJL)^) of the transis- 
tors used in the differential-pair bias subblock, the value of Vstas is given 
by Eqn.(2.21). 

12. The aspect ratio of M5, {\VIL)^ is determined by 


(1T/L)5 = 


{W/L)jh 

^ Bias 


(5.4) 


5.2.2 Implementation 

Based on the optimization routine, a programme is written in the 
C-language in order to predict the variation of the slew rate (SR) of the op- 
amp as a function of I Bias for two different chosen values of Cc (8 and 10 pF). 
It also predicts the design variables, i.e., I Bias i h, and the aspect ratios of the 
individual tiansistors. These values of the design variables are fed to a SPICE 
file for cross- veiification of the design. The input specifications for and 
/f used in this design of the op-amp are 80 dB and 2 MHz respectively. The 
parametcis used in chapter 4 have been used in this design of the op-amp for 
high slew rate. 


From the optimizer, a typical set of the values of the design 
va,ria.bl(\s for a chosen value of Cc (= 10 pF) are obtained. These values are 
used for the SPICE simulation and are shown in Table 5.1. 
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Table 5.1: A typical set of the values of the design variables for a chosen value 
of Cc (= 10 pF) used for SPICE simulation. 


Transistor 

W/L 

(ixm/nm) 

Current through transistor 

(M) 

Ml, M2 

1.00/1.00 

98.87 

M3, M4 



11.61/1.00 

98.87 

M5 

8.19/1.00 

81.00 

M6 

9.51/1.00 

81.00 

M7, MS 

20.00/1.00 

197.74 


5.2.3 Results and Discussion 

Figure 5.1 shows the variation of the slew rate (SR) of the op-amp 
as a function of I Bias for two different chosen values of Cc (8 and 10 pF). This 
is obtained for the given input specifications for A^o mid fc- It is clear from 
the figure that the same value of the slew rate can be obtained for lesser value 
of Ibuis coircsponding to Cc = 8 pF as compared to the coiiesponding value 
for Cc = 10 pF. 

The SPICE simulation of our design shows reasonably good 
match with the results obtained from our optimizer, which has been verified 
over the entire range of the design variables Table 5.2 shows the comparison of 
the lesults obtained from our design and the SPICE simulation for a particular 
set of performance specifications. 

Figures 5.2 and 5.3 show the gain plot and the phase plot re- 
spectively, highlighting the phase margin obtained from the design. The two 
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Figure 5.1: The variation of the slew rate of the op-amp as a function of I Bias 
for different chosen values of Cc (8 and 10 pF) with ^4^0 = 80 dB and fc = 2 
MHz. 

plots have been obtained for the design variables listed in Table 5.1 with nulling 
resistor ~ ^ kfi in scries with the compensating capacitor Cc in order to 
avoid the instability in the system caused by the light half-plane zero. 

Table 5.2: The comparison of the results obtained from our design and the 
SPICE simulation. 


Specs. 

Design 

SPICE 

Ayo (dB) 

80 

81.04 

fc (MHz) 

2 

2.04 

SR (V/psec) 

19.77 

19.49 
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1 10 100 1000 10000 100000 le+06 le+07 

Frequency (Hz) 

Figure 5.2: I’lin gain versus frequency plot of the 2-stage CMOS op-amp ob- 
taiiKHl using the (l<\sign variables listed in Table 5.1 with nulling resistor Rz ^ 
A kil 
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Figure 5.3: The phase versus frequency plot of the 2-stage CMOS op-amp 
obtained using the design variables listed in Table 5.1 with nulling resistor Rz 
4 kfi. 


Thus, the synthesis procedure developed in this chapter for the 
design of the 2-stage CMOS op-amp for high slew rate, can be used to obtained 
the nuiximum value of the slew latc (SR) for a given set of input iierformance 
specifications (in our case, these are A„o /c). Different combinations of 
these input performance specifications would give rise to different ranges of 
the slew rate, and, hence, its maximum obtainable values; however, for a given 
set of input specilications, the maximum obtainable value of the slew rate is a 
fixed quantity. It is important to note that the set of input performance spec- 
ifications in some sense acts like a constraint, i.e., the slew rate is maximised 
for the given values of Ayo and R- 
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Chapter 6 


Summary and Conclusion 


In this work, we have tried to present the state of analog design 
automation and its associated problems. The design methodologies and the 
synthesis algorithms for the design of CMOS op-amps under several constraints 
are given, which may be extended to other analog blocks. We have devel- 
oped the synthesis procedure (including the optimization routine) for CMOS 
op-amps for a wide variety of specifications appropriate for complex analog 
systems (c.g., minimum power and area, high bandwidth, high gain and unity 
gam frequency, and high slew rate). Synthesis procedure for each such design 
starts with a set of input spccilications. The optimization routine developed 
{irovides the design variables (i.c., the lengths and widths of individual tran- 
sistors, the bias currents, the compensating capacitor values, etc.), which are 
fed to a SPICE file for the cross-verification of the design. 

In the tlcsign of CMOS op-amps for minimum power and area, 
w(' start.ed with the synl.hesis pioccdurc for a simple current mirror, as given by 
OASYS. The alarmingly high percent error between the results obtained from 
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the design and the SPICE simulation led us to develop our own optimization 
loutine, whicli provided far better results than those predicted by OASYS. A 
model for the channel length modulation parameter has also been developed 
in this work. Synthesis procedure for a symmetric CMOS op-amp is also given 
and the results have been verified using SPICE simulation. 

In the design of CMOS op-amps for high bandwidth, we started 
of with the synthesis procedure developed without taking into account the ef- 
fect of the sizes of the individual transistors on the node capacitances. It was 
inferred that any value of the unity gain frequency A was obtainable at the 
higher cost of either power or area or both, however, the improved synthesis 
procedure developed in this work, which included the device capacitances sug- 
gested that fc can not be increased indefinitely at the higher cost of area - a 
fact verified in this work. 

Two modifications in the design of the op-arnp for high band- 
width arc possible. 

1. If the slew rate (SR) is one of the input specifications for the design 
of the op 7 anip for high bandwidth, then the minimization of the power 
consumed by the op-amp leaves us with the choice of choosing the mini- 
mum value of the bias current (using SR < I Bias /C l), and, consequently, 
a high value of fc can only be obtained with a correspondingly higher 
total area of the op-amp. This is one way we can go for both power and 
area optimization. 

2. With the same input specifications as given in Subsection 3.2.1, both 
power and area minimization is also possible, but in a different way. 
From Eqn.(3.11), it is clear that for a given value of fc, the bias current 
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J^Bias and the aspect ratio of the input transistors {W/L)i can be related 
by 


, _ 2,rV=(a.ii + CiF 1 

wi)r ^ ^ 

Using Eqns.(3.10) and (6.1), a programme is written in the 
C-languagc in order to predict live variation of Iiuan with the total area of 
the op-amp for fc = 10 MHz, which is shown in Fig.6.1. This is another 
way wc can go for both power and area minimization. 



Figure 6.1: The variation of Iszas with the area of the op-amp for fc = 10 
MHz. 

In the design of CMOS op-amps for high gain and high unity 
gain frequency, a nulling resistor in series with the compensating capacitor has 
been used in order to avoid the instability caused by a right half-plane zero. 
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The synthesis procedure developed for this design has its own limitations for 
very high input specification of fc (of the order of 50 MHz or more). This 
is because of the mathematical representation used in this design. We have 
used the well known square-law characteristics of the MOS transistor (/ = 
{KU2){W/L){\^s ~Vtn)^)- In order to get the unity gain frequency of the order 
of 50 MHz or more, the short channel devices in combination with large gate- 
to-source voltages have to be used. The well known square-law characteristics 
have to bo modified in order to incorporate the degradation effects of high 
eloctiic fields. Our attempt to design the op-amp using short channel devices 
could not be substantiated because the SPICE package available to us does 
not support the degradation effects of high electric fields properly. 

In the design of CMOS op-amps for high slew rate, we have 
chosen the values of the bias current and the compensating capacitor in a 
combination in order to get a high value of the slew rate, provided the stability 
of the system is maintained. This is the basis of the optimization routine 
developed. 

In the process of developing the synthesis procedure, we have 
realised that another synthesis approach for the design of the 2-stage CMOS 
op-amp for high slow rate can be adopted, which would be based on the set of 
input specifications with the midband gain Ayo and the load capacitance Cl as 
its elements. In this particular synthesis procedure, the unity gain frequency 
would not be fixed. The implementation and the SPICE verification of the 
design based on this idea is being left as a future task. 

All the results obtained from the designs of the op-amps con- 
sidered in this work showed excellent match with the results obtained from 


81 



SPICE simulations. The percent error between the results obtained from our 
design and the SPICE simulations is less than 6% for all the designs considered 
in this work 


It has been realised in this work that the development of the 
synthesis procedure for op-amps (and, in general, for analog circuits) depends 
strongly on the set of input specifications, constraints, and the circuit topology 
used. Thus, the synthesis procedure for the op-amj^s (and, in general, analog 
circuits) based on the design methodology and synthesis algorithm presented 
in this work would vary for different sets of specifications, constraints, and the 
circuit topology. Thus, development of analog cell libraries based on the design 
methodology and synthesis algorithm will prove to be a time consuming job as 
the inclusion of a new circuit would require the development of a new synthesis 
procedure (including the optimization routine) for it. Our design methodology 
and synthesis procedure, like other analog circuit synthesis tools, require an 
intensive knowledge of analog circuits. 

The following conclusions can be drawn from the design aspects 
of CMOS op-amps for various specifications considered in this work. 

• The synthesis procedure presented in this work would prove to be helpful in 
its development for op-amps for other specifications and its verification using 
SPICE, which have not been considered in this work. 

• The actual development of the synthesis procedure would greatly depend 
on the designer’s experience, and the total time taken in its development and 
subsequent verification by SPICE would vary from designer-to-designer. 

• The performance specifications in some sense act like constraints. 
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• The number of the set of design variables in the search space are strongly 
dependent on the individual values of the elements of the set of input specifi- 
cations. 


We had started the work with the view to develop a design, 
synthesis, and optimization tool for CMOS op-amps for various specifications. 
We have developed the synthesis procedures for 1/2-stage CMOS op-amp for 
various specifications, but certain issues still have to be considered. A solid 
foundation has been led for the development of an analog design, synthesis, 
and optimization tool foi op-amps. The following steps have to be taken before 
writing the code for the tool. 

• Design and optimization of CMOS op-amps based on the possible changes 
or improvements discussed in this chapter. 

• Determination of the range of performance specifications, given as inputs to 
the optimization routine, for each design considered in this work. 

• Development of the synthesis procedure and its verification by SPICE for 
2-stagc CMOS op-aiujis for high PSRR (power supply rejection ratio), high 
CMRR (common mode rejection ratio), and low output resistance. 

• Development of the synthesis procedure for 3/4-stage CMOS op-amps for 
various specifications. 
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